Here we are concerned with the Darcy-Forchheimer three-dimensional flow of carbon nanotubes in a rotating frame. Flow is generated by stretching of the surface. Xue model is adopted for nanofluid transport mechanism. Results for single wall carbon nanotubes (SWCNTs) and multi wall carbon nanotubes are achieved and compared. Flow saturating porous space obeys Darcy-Forchheimer expression. Boundary layer approximations are invoked to simplify governing partial differential system. Optimal homotopy analysis method (OHAM) is utilized for solutions of governing model. The optimal values of auxiliary parameters are computed. Plots have been displayed in order to analyze how the velocities and temperature fields get affected by various flow parameters. Skin-friction coefficients and local Nusselt number are presented through numerical data for both SWCNTs and MWCNTs. Moreover the skin-friction coefficients and local Nusselt number are enhanced for larger values of nanoparticles volume fraction.
Introduction
Carbon nanotubes are hexagonally shaped arrangements of carbon atoms that have been rolled into tubes. Carbon nanotubes were discovered in 1991 by Iijima. Carbon nanotubes have high thermal conductivity, exceptional mechanical strength and exceptional corrosion resistance. Their novel properties make them very useful in applications like microwave amplifier, nanotube sensors, nanotube transistors, hand held X-ray, field emission display, solar cell, lithium ion batteries and chemical sensors. Carbon nanotubes are mainly classified into two types namely, single walled carbon nanotubes (SWCNTs) and multi walled carbon nanotubes (MWCNTs). Choi et al. [1] analyzed anomalous thermal conductivity enhancement in the nanotube suspensions. They found that the nanotubes provide the highest thermal conductivity enhancement. Ramasubramaniam et al. [2] addressed homogeneous carbon nanotubes/ polymer composites for electrical applications. Xue [3] provided a model for carbon nanotube-based composites. Heat transfer analysis of aqueous suspensions for carbon nanotubes is studied by Ding et al. [4] . Kamali and Binesh [5] performed numerical investigation of heat a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 transfer enhancement using carbon nanotube. The authors have considered non-Newtonian materials as a base fluid. Wang et al. [6] investigated heat transfer and pressure drop aspects in nanofluids flows containing carbon nanotubes. Safaei et al. [7] examined heat transfer enhancement in a forward-facing contracting channel using FMWCNT nanofluids. Hayat et al. [8] explored Newtonian heating in stagnation point flow of carbon nanotubes with homogeneous and heterogeneous reactions. Ellahi et al. [9] discussed natural convective boundary layer flow of nanofluid with single and multi-walled carbon nanotubes. Karimipour et al. [10] imposed the uniform heat flux to develop MHD forced convective flow of water/ FMWNT carbon nanotubes in a microchannel. Hayat et al. [11] discussed the homogeneous and heterogeneous reactions in the flow of nanofluids by a nonlinear stretchable surface with variable thickness. Imtiaz et al. [12] examined convective flow of carbon nanotubes between rotating stretchable disks with thermal radiation. Haq et al. [13] addressed MHD pulsatile flow of engine oil based carbon nanotubes between two concentric cylinders. Hayat et al. [14] discussed simultaneous effects of homogeneous-heterogeneous reactions and convective conditions in boundary-layer flow of carbon nanotubes. Khan et al. [15] provided a numerical study for three-dimensional squeezing flow of carbon nanotubes in a rotating channel. Iqbal et al. [16] examined stagnation-point flow of carbon nanotubes in the presence of induced magnetic field. Recently Hayat et al. [17] studied Darcy-Forchheimer flow of carbon nanotubes due to a rotating disk.
Recently the researchers are engaged in analyzing the rotating flows near stretchable or inextensible boundaries due to its vast applications in rotor-stator system, food processing, rotating machinery, disk cleaners, gas turbine design and many others. Wang [18] provided perturbation solutions for rotating fluid flow past a stretchable surface. Takhar et al. [19] examined the magnetic field characteristics in rotating flow bounded by a stretchable surface. Nazar et al. [20] discussed time-dependent rotating flow past an impulsively deforming surface. Keller-box technique is implemented for the solution. Javed et al. [21] provided locally similar solutions for rotating fluid flow past an exponentially deforming surface. Zaimi et al. [22] prepared self-similar solutions for rotating viscoelastic fluid flow past an impermeable stretchable surface. Rosali et al. [23] numerically reported the rotating flow past an exponentially shrinking porous surface. Hayat et al. [24] utilized non-Fourier heat flux theory for three dimensional (3D) rotating flow of Jeffrey material. Mustafa et al. [25] examined nonlinear radiation characteristics in rotating nanofluid flow past a stretchable surface. Shafique et al. [26] studied rotating flow of Maxwell material with binary chemical reaction and activation energy. Hayat et al. [27] investigated three dimensional rotating flow of Maxwell nanofluid. Recently Hayat et al. [28] also provided an optimal study for three-dimensional flow of Maxwell nanofluid subject to rotating frame.
The investigators at present are involved in analyzing the fluid flow through porous space due to its abundant applications in hydrology, agriculture, civil engineering, petroleum technology, chemical engineering, nanofluid mechanics, mining and mineral processing and oil and gas production [29] [30] [31] [32] [33] . The available literature witnesses that classical Darcy's theory has been mostly used for modeling and analysis of flow problems of porous media. Note that classical Darcy's theory is valid for lower velocity and smaller porosity. Therefore Darcy's theory is inadequate when inertial and boundary effects take place at higher flow rate. Thus Forchheimer [34] analyzed such effects through square velocity factor in addition to Darcian velocity in momentum expression. Muskat [35] called this factor as "Forchheimer term". Seddeek [36] studied mixed convection flow in view of Darcy-Forchheimer relation. Jha et al. [37] developed nonlinear Brinkman-Forchheimer-extended Darcy flow model. Pal and Mondal [38] examined hydromagnetic Darcy-Forchheimer flow of variable viscosity liquid. Sadiq and Hayat [39] investigated Darcy-Forchheimer flow of magneto Maxwell liquid bounded by a convectively heated sheet. Cattaneo-Christov heat flux model in Darcy-Forchheimer flow of an Oldroyd-B fluid non-linear convection is studied by Shehzad et al. [40] . Bakar et al. [41] analyzed forced convection stagnation-point flow in a Darcy-Forchheimer porous medium towards a shrinking sheet. Hayat et al. [42] discussed Darcy-Forchheimer flow of Maxwell material subject to heat flux via Cattaneo-Christov theory and variable thermal conductivity. Umavathi et al. [43] performed numerical analysis of natural convective flow of nanofluids in a vertical rectangular duct using Darcy-Forchheimer-Brinkman model. Hayat et al. [44] provided a comparative study for Darcy-Forchheimer flow of viscoelastic nanofluids. Recently Hayat et al. [45] also discussed Darcy-Forchheimer flow of viscoelastic fluids with CattaneoChristov heat flux and homogeneous-heterogeneous reactions.
Motivated by above mentioned studies, our objective of present investigation are four folds. Firstly to model and analyze the Darcy-Forchheimer three-dimensional rotating flow of carbon nanotubes. Secondly to consider the rotating frame. Thirdly to use Xue model for nanofluid transport process. Fourth to construct convergent series solutions for velocities and temperature distributions using optimal homotopy analysis method (OHAM) [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . The contributions of various flow variables are studied and discussed. Moreover skin-friction coefficients and heat transfer rate (local Nusselt number) are analyzed through numerical values.
Modeling
Here three-dimensional rotating flow of carbon nanotubes (CNTs) induced by a linearly stretchable surface is developed. Heat transfer aspects are studied through Xue model [3] . An incompressible liquid characterizing Darcy-Forchheimer relation saturates the porous space. Here we consider the Cartesian coordinate system such that the sheet is aligned with the xy− plane and fluid is considered for z ! 0. The surface is stretching in x− direction with rate c > 0. Moreover the fluid is subjected to uniform rotation about z− axis with constant angular velocity ω. The surface temperature is because of convective heating process which is featured by hot fluid temperature T f and coefficient of heat transfer h f . The associated equations governing the Darcy-Forchheimer flow of carbon nanotubes (CNTs) in rotating frame are
with boundary conditions are
Here u, v and w are the components of velocity in x−, y− and z− directions respectively, K Ã is the permeability of porous medium, F ¼ 
where ϕ is the solid volume fraction of nanoparticles, μ nf the nanofluid effective dynamic viscosity of nanofluids, ρ nf the density of nanofluids, (ρc P ) nf the heat capacity of nanofluids, k nf the thermal conductivity of nanofluid, ρ CNT the density of carbon nanotubes, ρ f the density of base fluid, k CNT the thermal conductivity of CNTs and k f the thermal conductivity of base fluid. Table 1 presents the thermophysical characteristics of water and CNTs. Considering [28] :
ð8Þ Now Eq (1) is identically verified and Eqs (2)-(7) have been reduced to
Here λ is the porosity parameter, O the rotation parameter, F r the inertia coefficient, Pr the Prandtl number and γ Biot number. These parameters can be specified by using the definitions given below:
Skin-friction coefficients and local Nusselt number are given by
2:5 f 00 ð0Þ;
;
in which Re x ¼ u w x n depicts the local Reynolds number. It is noticed that the present analysis is reduced to conventional fluid case when ϕ = 0.
Solutions by OHAM
The series solutions of Eqs (9)- (11) through Eqs (12) and (13) have been constructed by utilizing optimal homotopy analysis method (OHAM). The initial approximations and linear operators have been selected as follows:
The above linear operators obey 
Optimal convergence control parameters
The non-zero auxiliary parameters ℏ f , ℏ g and ℏ θ in homotopy solutions regulate the convergence region and also rate of homotopy expressions. To obtain the optimal data of ℏ f , ℏ g and ℏ θ , we have used the idea of minimization by defining the average squared residual errors as proposed by Liao [46] . 
Following Liao [46] : 
Discussion
This portion explores the effects of various flow variables like porosity parameter λ, inertia coefficient F r , rotation parameter O, nanoparticles volume fraction ϕ and Biot number γ on the velocities f 0 (z) and g(z) and temperature θ(z) distributions. The results are achieved for both single wall carbon nanotubes (SWCNTs) and multi wall carbon nanotubes (MWCNTs). both SWCNTs and MWCNTs. Larger values of rotation parameter O leads to higher rotation rate in comparison to stretching rate. Therefore the larger rotation effects correspond to lower velocity field f 0 (z) and less momentum layer thickness. Fig 6 shows the variation in the velocity field f 0 (z) for varying nanoparticles volume fraction ϕ. It has been noticed that by increasing nanoparticles volume fraction ϕ, an enhancement in velocity field f 0 (z) is observed for both SWCNTs and MWCNTs. Fig 7 plots the velocity field g(z) for varying porosity parameter λ. It has been observed that velocity field g(z) is reduced for higher values of porosity parameter λ for both SWCNTs and MWCNTs. Fig 8 shows that how the inertia coefficient F r affects the 4.53× 10
https://doi.org/10.1371/journal.pone.0179576.t002 Table 3 . Individual averaged squared residual errors for MWCNTs considering optimal data of auxiliary parameters. Larger rotation parameter O corresponds to stronger temperature field θ(z) and more thermal layer thickness for both SWCNTs and MWCNTs. Fig 14 plots the temperature field θ(z) for varying nanoparticles volume fraction ϕ for both SWCNTs and MWCNTs. It has been found that larger nanoparticles volume fraction ϕ leads to stronger temperature field θ(z) and more thermal layer thickness. Fig 15 depicts that larger Biot number γ produces stronger convection which leads to higher temperature field θ(z) and more thermal layer thickness. been noticed that larger O, ϕ and γ corresponds to higher local Nusselt number for both SWCNTs and MWCNTs.
Conclusions
Darcy-Forchheimer three-dimensional flow of carbon nanotubes subject to rotating frame and convective condition has been discussed. Main findings of presented study are listed below
• Larger values of porosity parameter λ and inertia coefficient F r correspond to lower velocities f 0 (z) and g(z). Three-dimensional rotating flow of carbon nanotubes with Darcy-Forchheimer porous medium
• An increase in rotation parameter O shows a reduction in the velocities f 0 (z) and g(z) while opposite trend is noticed for temperature θ(z).
• Velocities f 0 (z) and g(z) and temperature θ(z) are enhanced for higher nanoparticle volume fraction ϕ.
• Higher Biot number γ lead to stronger temperature θ(z) and more thermal layer thickness.
• Skin-friction coefficients are enhanced for higher rotation parameter O and nanoparticle volume fraction ϕ.
• Heat transfer rate (local Nusselt number) is reduced for larger porosity parameter λ and inertia coefficient F r .
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